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Abstract. This paper presents the modelling of the hydrokinetic system for the small-signal 
stability analysis under the small disturbances due to variation and fluctuation of water velocity 
in the river or marine. The complete modelling of the hydrokinetic system consists of vertical 
axis H-Darrieus turbine, direct-drive permanent magnet synchronous generator (PMSG), back-
to-back converter and the grid network. By linearising all the equation around the steady-state 
value, the dynamic equation of the hydrokinetic system is derived. The stability of the system 
is tested with and without the PI controller. The eigenvalues analysis-based approaches have 
been used to investigate the stability of the system under the small disturbances. The findings 
show, the stability of the hydrokinetic system with PI controller is improved up to 57.82% by 
reducing the oscillation frequency at the Rotor Side Converter (RSC). 
1. Introduction 
The energy demand is growing significant nowadays due to the increase in the number population and 
enhanced living life worldwide [1]. Conversely, the depletion of fossil fuels, high CO2 emission, 
global warming, and environmental pollution are the primary concern in the power generation field 
[2]. Therefore, Renewable Energy (RE) has the potential to play a significant role as a clean and 
sustainable energy resource for electricity generation in the future. The RE is reliable, key-climate 
solution and offers climate-safe energy by reduction of CO2  emission and environmental friendly [3].  
 The hydrokinetic energy harnessing is one of the potentials energies in RE to provide the clean, 
sustain and reliable energy for the future generation. Hydrokinetics technology can be applied in the 
river, man-made channels, tidal and marine without the head or impoundment [4]. The concept of 
hydrokinetic is based on free-flowing stream that converts the kinetic energy of water velocity into 
electrical energy through the energy conversion scheme and power electronics converter.  
 Although the output capacity is small, however, the generation can be boosted by array or 
modular installation [5], [6]. In addition, the hydrokinetic system is based on free-flowing of water 
without the construction of the reservoir or impoundment [7]. Besides, the system is easy to transport 
and relocate due to the small size of the plant. Moreover, the system can be installed along the 
riverside, either mooring to fix structure or by floating pontoon [8]. 
 Since the hydrokinetic is a new and emerging technology, several challenges and issues need to 
address, especially in controller strategies and analysis of small-signal stability. As the water velocity 
is fluctuation, the hydrokinetic system requires a sophisticated control strategy to extract output power 
and enhance efficiency. A few studies regarding hydrokinetic control system and strategies have been 
explored by past researchers using robust control [9]–[11] and pitch control strategies [12]–[14]. 
 
 
 
 
 
 
 Small-signal analysis has been presented by many researchers in Wind Energy Conversion 
System (WECS) to design the controller or analyse the system stability in a grid network [15]–[19]. 
The state-space mathematical modelling of the wind turbine for the transient and small-signal analysis 
study in a weak network was derived in [20]. In addition, the stability analysis and grid-connected 
controller design based on diode bridge and boost converter were presented in [21].On the other hand, 
the analysis of the eigenvalues was used to study the small-signal analysis and the controller's 
parameter was designed based on traces of eigenvalues [22]. Furthermore, the analysis of the 
eigenvalues was also studied to evaluate the stability problem and improve the system stability under 
small disturbances [23], [24]. 
 As far as authors concern, the literature regarding the small-signal analysis in the hydrokinetic 
system is scarce and limited. Nevertheless, the existing research on the small-signal analysis in WECS 
become the primary references. This is due to the concept, operation, and electrical hardware in the 
hydrokinetic system are resembles of WECS [25], [26]. In this paper, the mathematical model of the 
hydrokinetic system with direct-drive permanent magnet synchronous generator (PMSG) connected to 
the power network for small-signal analysis stability is presented. The full model of the hydrokinetic 
system consists of a water turbine, back-to-back converter, PMSG and grid network. In addition, the 
analysis of eigenvalues with and without a PI controller is presented to investigate the hydrokinetic 
system stability under small disturbances due to variation of the water. 
 
2. Modelling of Hydrokinetic Energy Harnessing 
Figure 1 illustrates the completed system of the hydrokinetic energy harnessing under studies. The 
system consists of the water turbine, PMSG, power electronics converter (PEC) and controller parts. 
The water turbine is immersed in the water and connected to the generator shaft through direct 
coupling without the gearbox system. The PMSG output is connected to the back-to-back converter to 
provide full access to active power control. The controller part comprises the Rotor Side Controller 
(RSC) and Grid Side Controller (GSC).  
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Figure 1. The hydrokinetic system in river energy harnessing 
 
2.1. H-Darrieus Turbine Model 
The turbine model is based on Vertical Axis straight blades H-Darrieus turbine. The design 
consideration of the turbine is discussed in [27] based on the river assessment studied at Pasir Kubur 
 
 
 
 
 
 
River, Sungai Lembing, Kuantan, Pahang [28]. The mechanical torque of the turbine is given by Eq. 
(1). 
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where, A is the area of the blade, ρ is the water density (1000 kg/m3), Cp is the turbine power 
coefficient, V is the water velocity (ms-1) and ω is the turbine’s rotational speed. The Cp is represented 
as the power extraction efficiency at a different rotational speed of the turbine. It has a non-linear 
function of tip speed ratio (TSR) and the blade pitch angle, β. The turbine was operated at an optimal 
operating point at Cp=0.48 and TSR=2.4. Therefore, the Cp is given by Eq. (2). 
 
( ) 6 5 4 3 20.022 0.04 0.26 0.72 0.77 0.27 0.011PC       = − + − + − + −  (2) 
2.2. Modelling of PMSG 
The PMSG with the constant magnetic flux, ψpm has been modelled in the a-b-c coordinates, α-β 
coordinates and as well as in the d-q reference frame. The conversion from a-b-c coordinates to d-q 
reference frame was related by the Clarke and Park transformation [29]. By aligning the direction of 
the d-axis of the d-q reference frame with the flux linkage (ψpm), the PMSG model is derived by Eq. 
(3) and (4) respectively. 
 dsds s ds e s qs s
di
V R i L i L
dt
= − + −  (3) 
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 (4) 
where, Vds and Vqs represented the stator voltage in d and q component respectively, ids and iqs are the 
stator current in d and q component respectively, Rs and Ls are the resistance and inductance of the 
stator winding respectively, and ωe is the generator electrical speed. Furthermore, the electromagnetic 
torque, Te can be calculated by Eq. (5). 
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where, np is the number of pole pairs. The Eq. (5) indicates that the Te can be manipulated by 
controlling the q-axis current directly. 
2.3. Drive Train Modelling 
The water turbine and PMSG are connected directly without a gearbox. Hence, the mechanical system 
can be modelled using the one-mass model as given in Eq. (6). 
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where, ω is the turbine speed, τj is the equivalent inertia time constant of the whole drive train. Tm and 
Te are the mechanical and electromagnetic torque, respectively. 
2.4. Model of The Converter 
The H-Darrrieus turbine and PMSG are linked to the power grid system through back-to-back 
converters as shown in Figure 2. Therefore, the equation of power equilibrium can be written as given 
in Eq. (7). 
 DC g sP P P= −  (7) 
 
 
 
 
 
 
where, PDC is the active power at the DC-Link, Pg and Ps are the active power at the grid and PMSG 
respectively. The details equations are given in Eq. (8)-(10). 
 DCDC DC DC DC
dV
P i V CV
dt
= =  (8) 
where, VDC is a capacitor terminal voltage, C is the capacitor and iDC is the current of the capacitor.  
 g Dg Dg Qg QgP V i V i= +  (9) 
where, VDg and VQg, are the d and q axis voltage at the GSC respectively, iDg and iQg are the d and q 
axis current of the GSC respectively. 
 s ds ds qs qsP V i V i= +  (10) 
where, Vds and Vqs represented the stator voltage in d and q component respectively, ids and iqs are the 
stator current in d and q component respectively. The model of the converter and DC-link can be 
derived as given in Eq. (11). 
 ( )DCDC Dg Dg Qg Qg ds ds qs qs
dV
CV V i V i V i V i
dt
= + − +  (11) 
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Figure 2. Back-to-back converter for modal analysis 
 
2.5. Modelling of Power Grid 
The grid network system can be modelled as follow; 
 0g g TL gV V jX i =  +  (12) 
where, 0V is an infinite bus voltage, g gV   is a voltage at the grid and TLX  is a reactance of the 
transformer and transmission line. The modelling of power grid are given by Eq. (13) and (14) 
respectively. 
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3. The Controller Design 
The function of the Rotor Side Controller (RSC) is to change the variable frequency AC power 
generated to DC voltage through the rectification process. Besides that, the RSC can gain maximum 
output power by controlling the generator rotational speed via the torque control method. This control 
method is achieved by controlling the quadrature current Iqs. On the other hand, the GSC is used to 
manage the DC-link voltage to keep constant and to convert the DC power to the grid AC power by 
 
 
 
 
 
 
the inverter. The phase-locked loop (PLL) is used to match the frequency and phase of the grid-
connected system.  
3.1. Rotor Side Controller (RSC) 
The stator current at direct-axis, ids is set to zero. The quadrature-axis stator current, iqs is controlled to 
track the maximum output power from the fluctuation of the river current. The schematic diagram of 
RSC is shown in Figure. 3. The control equations of RSC are given by Eq. (15)- (21). 
 * 0dsi =  (15) 
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= −  (16) 
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 ( )2 2 2*qs P qs qs I e s ds s qsV K i i K x L i R i= − − − − −  (21) 
where, the intermediate state variables x1 and x2 are defined, KP and KI are the proportional and 
integral gains of the RSC, respectively.  
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Figure 3. The schematic diagram of Rotor Side Controller (RSC) 
 
 
 
 
 
 
 
 
 
3.2. Grid Side Controller (GSC) 
By aligning the vector voltage, Vg to the direction of Q-axis, the VDg is equal to zero and the active 
power Pg =VQgiQg. The model of GSC are given by Eq. (22) and (23).  
 
Dg
Dg Dm Qg
di
L V V Li
dt
= − +  (22) 
 
Qg
Qg Qm Dg
di
L V V Li
dt
= − +  (23) 
 The direct-axis of grid current is set to zero, (iDg =0) to obtain the reactive power at the grid 
equal to zero, (QG =0). Hence, the DC voltage can be preserved by controlling the quadrature-axis grid 
current, iQg. The control equation for GSC are given by Eq. (24)-(30). 
 * 0Dgi =  (24) 
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 5 *Qg Qg
dx
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 ( )5 5* 5Qm P Qg Qg I Dg QgV K i i K x Li V= − − − − +  (30) 
where, the intermediate state variable are represented by 3 4 5, ,x x x  and 6x , iDg and iQg are the direct-
quadrature axis grid current respectively, VDg and VQg are the d-q axis grid voltages, VDC is the DC-link 
voltage, KP and KI are the proportional and integral controller constants respectively. The schematic 
diagram of GSC as shown in Figure 4. 
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Figure 4. The schematic diagram of the Grid Side Controller (GSC) 
 
4. Small-signal Stability Analysis 
The dynamic model of the completed hydrokinetic system has been linearised around the steady-state 
value for the small-signal stability analysis. The lists of the equation are represented as follow, 
Equation (3)-(4) is described the model of the PMSG, whereas Equation (5) for the dynamic model of 
the turbine. The DC-link model is represented by Equation (11), whereas Equation (15)-(21) and 
Equation (24)-(30) are represented the dynamic model of the controller design at RSC and GSC 
respectively. Lastly, the dynamic model of the electric grid system is given by Equation (22)-(23). The 
whole equations can be represented by the state-space equation as given in Eq. (31). 
 
d x
A x B u
dt

=  + 
 (31) 
where, A is the  11 11  state matrix, B is the  1 11  state matrix, ∆x is a vector of state variables, 
and ∆u is a vector state variable of the input as given in Eq. (32) and (33) respectively. 
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5. Results and Discussions 
The small-signal analysis of the hydrokinetic system with direct-drive PMSG connected to the grid 
network is analysed using the Matlab software. The turbine, PMSG and controller parameter under 
studies are given at appendices. In this case, the analysis of eigenvalues has been applied to evaluate 
the system stability under small disturbances. For the first stage of analysis, the system without the PI 
controller is investigated. The system consists of 4th order to represent the four states which are 
T
ds qs DCx i i V
 =
 
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 Table 1 shows the eigenvalues of the 4th order model without the PI controller. As can be seen 
in Table 1, the state λ4 is represented the VDC is at the unstable condition. This is due to the poles is at 
the right of the region which is a positive real part. In addition, the states λ2,3 which represented the ids 
and iqs respectively are conjugated roots with large imaginary parts. As noted in [22], the larger 
imaginary part will produce the large oscillation frequency in the system due to the disturbances. 
Therefore, the hydrokinetic system without the PI controller can be concluded as an unstable system, 
even the states λ1 and λ2,3 at the left plane region. 
 
Table 1. The Eigenvalues of State Matrix A without PI controller 
State Eigenvalues Oscillation 
Frequency (Hz) 
Damping Ratio 
λ1 -8.14 0 1 
λ2 -106.36 + 89.53i 14.25 0.765 
λ3 -106.36 - 89.53i 14.25 0.765 
λ4 945.65 0 1 
 
 In the second stage, the PI controller is added to investigate the impact on system stability. The 
11th order model was derived as given in Equation (32). Table 2 shows the eigenvalues, oscillation 
frequency and damping ratio of 11th order model with PI controller. As can be seen, all the eigenvalues 
have a negative real part. The stator current (ids and iqs) and DC-link voltage show high oscillation 
frequency. It is observed that, all the eigenvalues have a negative real part; hence, proves that the 
system is in a stable condition even after suffering small disturbance. The system consists of three 
evanescent modes for states λ1, λ6 and λ7, whereas, four states are listed in oscillation modes as 
follows, λ2,3, λ4,5, λ8,9 and λ10,11.  
 
Table 2. The eigenvalues of state Matrix A with PI Controller 
No. Eigenvalues Oscillation 
Frequency, (Hz) 
Damping ratio 
λ1 -8.14 0 1 
λ2,3  -53.18 ±37.77i 6.01 0.815 
λ4, 5 -106.36±99.80i 15.88 0.73 
λ6 -278.65 0 1 
λ7 -46.70 0 1 
λ8,9 -21.40±4.74i 0.754 0.976 
λ10,11 -492.47±204.30i 32.51 0.923 
 
 The spectrum analysis of Matrix A is shown in Figure 5. As can be seen, all the states are at the 
left of the region. Therefore, it is proved, with the PI controller, the stability of the hydrokinetic 
system can be enhanced. The oscillation frequency at the state λ2,3 for example, is reduced to 6.01 Hz 
compared to 14.25 Hz without the PI controller. The finding shows that the PI controller able to 
suppress the oscillation of generator stator current (ids and iqs) at the RSC up to 57.82% under small 
 
 
 
 
 
 
disturbance. Furthermore, system stability is improved when all the states maintain in the left region of 
the plane.  
 
 
Figure. 5. The spectrum analysis of Matrix A 
6. Conclusion  
This paper presents the small-signal stability analysis of the hydrokinetic system under small 
disturbances of water velocity. In this study, the finding shows the hydrokinetic system is unstable 
without the PI controller due to the state λ4 is placed on the right region. Nevertheless, the PI 
controller has improved the system stability, and all the states are in the left region. In addition, the 
analysis of the eigenvalues has improved the stability of the system by reducing the oscillation 
frequency up to 57.82% of the generator stator current (ids and Iqs) at the RSC. 
7. Appendices 
Appendix A: The parameter of H-Darrieus Turbine 
Water density, ρ = 1000 kg/m3; Radius = 0.5 m; Height = 0.8 m; CP optimal = 0.48; TSR = 2.54; 
Appendix B: The parameter of PMSG 
np =28; Rs = 1.74 Ω; LS = 36.2 mH; Ψpm = 2.32 Wb. 
Appendix C: The parameter of PI controller 
KP1 = 0.5 pu; KI1=20/s; KP2 = 1 pu; KI2 = 100/s; KP3 0.5 pu; KI3 =20; KP4 = 0.4 pu; KI4 = 20/s; KP5 
=0.5 pu; KI5=20/s 
Appendix D: Matrix A  11 11  
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